Isosta.tica,lly compensated crusta,1 thickness variations and associated topographic contrasts a,t the surface of a planet result in lateral pressure gradients, which may cause the lower crust to flow and reduce the relief. Areas of thicker crust are genera, lly associated with more rapid relaxation of topography. On Mars, topographic features such as impa, ct basins a, nd the hemispheric dichotomy have survived for 4 Gyr. We use a finite difference representation of depth-dependent, non-Newtonian lower crustal flow to investigate how topography decays with time. For a dry diabase theology, total radiogenic concentrations 280% of terrestrial values. and crusta,1 radiogenic concentrations similar to terrestrial basalts, we find that an upper bound on the mea, n planeta,ry crustal thickness is •100 kin. In the probably unrealistic case where all the radiogenic elements are in the crust, this ma,ximum crustal thickness can be increased to •0115 kin. The main uncertainty in these results is the total radiogenic abundances on Mars. Compa, ring our results with the observed sha, pe of the crustal dichotomy provides no evidence that this slope is primarily the result of lower crustal flow. Both Hellas and the dichotomy are isostatically compensated; if the mecha, nism is Airy isostasy, then the lower bound on mean crustal thickness is •030 kin. Crustal thicknesses of 30-100 km on Mars can be produced by mid-ocean ridge spreading at potential temperatures of 1350 ø -1600øC. However, for such crustal thicknesses the lithosphere is likely to be positively buoyant, making subduction difficult.
Introduction
The crustal thickness on a terrestrial planet such as Mars is a primary indicator of the thermal state, dynamics, and history of the planet. In the absence of seismic data we must rely on less precise, often nonunique indications of crustal thickness and its variation. Here we examine the extent to which we can place bounds on crustal thickness on Mars by appealing to the absence of evidence of relaxation of topographic relief. ¾Ve focus, in particular, on the crustal dichotomy between the southern highlands and northern plains and on the preservation of large impact basins such as Hellas. Topographic contrasts at the surface of a planet. result in lateral pressure gradients at depth, even when they arise from isostatically compensated crustal thickness variations. On Earth the lower crust in some places is sufficiently ductile to flow over geological time, reduc- 
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where P is pressure and r•, is horizontal shear stress.
For an isostatically compensated crust the lateral pressure gradient is related to lateral topography gradients' oP OD 0a. = Ap9 da•-. '
where D(x) is the crustal thickness, g is gravity, and 2p is the density contrast between crust and mantle.
For a no•-Newt. onian material, the relationship be- Int. egration of (1) yields the shear stress' use of (2) and (3) then yields the horizontal velocity: 
where r0 is an undetermined constant of integration.
In order to relate the exponential term to the crustal thermal structure (see equations ( 
and for an axisymlnetric case, d! : ?'dr r vdz .
In the Newt. onian limit. (, -1), (9) reduces to the standard diffusion equation for the evolution of D, but. with an effective diffusivity that is spatially variable. This variability arises primarily because Eb is a (strong) function of Tb, which is, in turn, a (weak) function of location, x. The parameter B is also :c dependent. Consequently, it is usually inappropriate to employ a model analysis using either Fourier components or spherical harmonics, since they will not decouple. For example, a spherical harmonic of a particular 1 value (e.g., /-1, the •crustal dichotomy") will evolve in a way that is no longer represent, ed by a single harmonic. Accordingly, we regard t. he spatial description employed here as superior to a relaxation time (modal) analysis. This is even more strikingly evident when , :/: 1 and (9) becomes strongly nonlinear. Indeed, the form of the equation shoxvs tha, t consideration of wavelengths much smaller than R, the planetary radius, is essential and •tccordingly the use of a local Cart. esian analysis is ap- In reality, such short-wavelength features are likely to be elastically supported, but as we argue below, elastic support does not appear to be important at. the wavelengths of interest.
The shape of the profile at 4 Ga B.P. is unknown; here we assume that it was similar to the prese•lt day, but with a steeper slope. For simplicity, we take the initial shape to be an inverse tangent profile of topographic step 3 km superimposed on a regional slope of The theoretical models predict a distinctive shape to the expected dichotomy boundary, were it once sharper than its current profile. Even allowing for uncertainties in rheology and short-wavelength irregularities, the observed profiles (Figure 3) show no obvious similarities to the predicted profiles (Figure 4) . In particular, the theoretical profiles show higher curvature and slopes on the northern (low crustal thickness) side of the profile than on the southern (high crustal thickness) side. The absence of evidence for a relaxation profile must mean that to a good approximation, the observed profile is the outcome of the processes that made the dichotomy, and possibly degradational processes (erosion) not represented by our model. In particular, if relaxation did not, occur a.t the relatively short. wavelengths associated with the dichotomy, it cannot be responsible for the long-wavelength regional slope (see Figure 3) . The regional slope in crustal thickness and the width of the topographic offset are significant features that demand explanation; the importance of the current work lies partly in excluding one possible explanation.
Throughout this work the effect of elastic support of topography has been ignored. Zho•g [1997] shows that if the crust is elastic, the Moho topography will decay over the relaxation timescale r,•, whereas surface topography will be rigidly supported, leading to an eventual positive gravity anoma, ly. However, the effect of elastic support of topography appears t.o be minor in the case of both the crustal dichotomy and Hellas, since both these features are close to isosta.tic equilibrium. The presence of large impact basins, such as Hellas, which are isostatically compensated, suggests that, the crustal thickness in the southern henrisphere must exceed 40 kin. Given the uncertainties, improved bounds on crustal thickness are unlikely to be a. vailable until seismic data are obtained.
It was assumed in
A more accurate value will be important, for future models of melt generation, radiogenic abundances, gravity, and magnetization.
